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G ,  A. xasseji 

Sylvania  E lec t ron ic  Systems 

SUMMARY 

This  r e p o r t  descr ibes  a development program f o r  t h e  purpose of 

designing,  f a b r i c a t i n g ,  and t e s t i n g  a pro to type  laser v i b r a t i o n  

measuring i n s t r m e n t .  During two previous s tudy  e f f o r t s ,  t h e  o p t i c a l  

heterodyne technique was s e l e c t e d  as t he  most promising method f o r  

remote measurement of v i b r a t i o n s  over a wide range of amplitudes and 

f requencies .  

d i s t a n c e  of t h r e e  f e e t  from the  v ib ra t ing  su r face .  The output beam 

i s  focused on t h e  s u r f a c e  and can be  scanned manually by means of a 

r o t a t a b l e  s t e e r i n g  mir ror .  

modulated s i g n a l  centered a t  25 MHz; t h e  phase s h i f t  of t h i s  s i g n a l  

i s  p ropor t iona l  t o  su r face  displacement. Vibra t ion  frequencies  from 

1 Hz t o  0.5 MHz have been measured wi th  t h i s  instrument ,  wi th  d i s -  

placements from 1 / 2  inch peak-to-peak down t o  approximately 10 

microns. The su r face  may be specular  o r  d i f f u s e l y  r e f l e c t i n g .  This  

instrument  i s  designed f o r  use with a s p e c t r m  ana lyzer  a s  t h e  d i sp lay  

device;  however, means f o r  operating t h e  laser v i b r a t i o n  analyzer  wi th  

a tunable  vol tmeter  o r  FM rece ive r  f o r  s i g n a l  demodulation and 

recording are a l s o  descr ibed.  

The prototype instrument is designed t o  opera te  a t  a 

The output of t h e  device is a frequency- 

-4 



1. INTRODUCTION 

Th i s  r e p o r t  desc r ibes  work performed dur ing  t h e  per iod from A p r i l  

1967 through December 1967 and sponsored by t h e  Nat iona l  Aeronaut ics  and 

Space Adminis t ra t ion,  Ames Research Center.  The purpose of this  p r o g r m  

w a s  t o  develop a pro to type  l a s e r  v i b r a t i o n  measuring instrument .  During 

an i n i t i a l  study'') i n  1965 (Contract NAS2-3137), t h e  gene ra l  f i e l d  of  laser 

v i b r a t i o n  experiments w a s  i nves t iga t ed ,  and recommendations of t h e  most 

promising techniques  were formulated.  I n  1966 under Contract  NAS2-3643 

a breadboard demonstration of the o p t i c a l  heterodyne system w a s  accomplished 

The test r e s u l t s  wi th  t h i s  breadboard were extremely favorable ;  hence t h i s  

w a s  t h e  system s e l e c t e d  f o r  development up t o  t h e  pro to type  s t a g e  under 

t h e  p re sen t  c o n t r a c t .  The prototype instrument  has  important advantages 

as a v i b r a t i o n  measuring t o o l ,  s ince  it i s  non-contacting, has  no mech- 

a n i c a l  resonances t o  l i m i t  t h e  frequency response,  and can be used t o  

d e t e c t  exceedingly small motions. 

(2) . 

The b a s i c  s p e c i f i c a t i o n s  achieved dur ing  t h i s  development program 

are as fol lows:  

a .  

b. 

C .  

The range of measurable v i b r a t i o n  f requencies  w a s  t o  cover  t h e  

range from 10 Hz t o  2,000 Hz. The present  pro to type  has been 

t e s t e d  over t h e  range from 1 Hz t o  0.5 MHz with  good r e s u l t s .  

The dynamic range w a s  t o  i nc lude  v i b r a t i o n  ampli tudes from 

1/2-inch t o  one micron peak-to-peak. The p resen t  instrument 

can be used over t h e  1/2-inch t o  1 0  

v i b r a t i n g  su r face  is highly r e f l e c t i n g .  

-4 micron range when t h e  

The above amplitude and frequency s p e c i f i c a t i o n s  were t o  be 

s a t i s f i e d  f o r  specular  s u r f a c e s  o f  r e f l e c t i v i t y  g r e a t e r  than  

one percent  o r  semi-specular, h ighly  r e f l e c t i v e  su r faces  

such as  unpolished machined su r faces .  The p resen t  instrument  

s a t i s f i e s  t h e  requi red  s p e c i f i c a t i o n s  even wi th  f l a t  whi te  

s u r f a c e s  r e tu rn ing  less than  0.1% of t h e  inc iden t  power t o  t h e  

instrument .  

1 



d.  The instrument ope ra t e s  a t  d i s t a n c e s  over  t h r e e  f e e t  from t h e  

su r face ,  w i t h  a f ive- inch  focusing range.  

e.  A 50-ohm output  a t  25 MHz f o r  spectrum ana lyze r  d i s p l a y  i s  

provided. 

f .  The s i z e  of t h e  pro to type  instrument  i s  approximately 2 by 3 

f e e t  with a he ight  of 4 f e e t .  

r e t r a c t a b l e  wheels which a l low t h e  instrument  t o  be moved about 

f r e e l y  but do no t  i n t e r f e r e  wi th  t h e  mechanical s t a b i l i t y  of 

t h e  system during tests. 

The instrument  i s  equipped wi th  

g. The u n i t  i s  designed t o  ope ra t e  i n  a normal l a b o r a t o r y  environ- 

ment from 115-volt ,  60-HZ e lec t r ica l  power. 

The ou tpu t  s igna l  of t h e  p re sen t  instrument  i s  designed f o r  spectrum 

ana lyze r  d i sp l ay .  

wavelength, t h e  analyzer  d i s p l a y  i s  used t o  read peak-to-peak v e l o c i t y  of 

t h e  s u r f a c e  d i r e c t l y .  

simply by d iv id ing  t h e  v e l o c i t y  by t h e  angular  frequency of e x c i t a t i o n .  

Conversely,  t h e  acce le ra t ion  i s  found by mul t ip ly ing  t h e  v e l o c i t y  by t h e  

angular  frequency. For displacements  smaller than  a wavelength, t h e  peak 

phase s h i f t  can  be measured d i r e c t l y  by comparing t h e  re la t ive  h e i g h t s  

of t h e  sidebands t o  any t a b l e  of Bessel func t ions .  

p ropor t iona l  t o  displacement.  

c a l c u l a t e d  by mult iplying t h e  displacement once o r  twice r e s p e c t i v e l y  by t h e  

angular  frequency. 

width and ga in  can be ad jus ted  t o  s u i t  a p a r t i c u l a r  measurement. 

it does l i m i t  t e s t i n g  t o  s i n g l e  frequency e x c i t a t i o n  because t h e  test 

r e s u l t s  otherwise become d i f f i c u l t  t o  i n t e r p r e t  and o f t e n  ambiguous i f  

comparable amounts of s eve ra l  f requencies  are p resen t  s imultaneously.  

A t  l a r g e  ampli tudes of motion compared t o  t h e  o p t i c a l  

The amplitude of t h e  motion i s  then  c a l c u l a b l e  

This  q u a n t i t y  i s  

The v e l o c i t y  and a c c e l e r a t i o n  are then  

The spectrum analyzer  d i s p l a y  has  t h e  advantage t h a t  band- 

However, 

A s  i nd ica t ed  above, t he  instrument  developed under t h i s  program 

gene ra l ly  exceeds t h e  o r i g i n a l  s p e c i f i c a t i o n s  by a l a r g e  margin. This  

2 



is  t o  a l a r g e  ex ten t  due t o  the inherent  s e n s i t i v i t y  of  t h e  o p t i c a l  

heterodyne technique,  bu t  i t  also i s  t h e  r e s u l t  of us ing  an  extremely 

wel l -cor rec ted  o p t i c a l  system with photodetec tors  of h igh  quantum e f f i -  

c iency  and optimum rf coupl ing  a t  t h e  phototube outputs .  

I n  Sec t ion  2 below t h e  opera t ing  p r i n c i p l e s  of t h e  instrument  are 
descr ibed .  

i n  t h e  engineer ing of t h e  prototype.  

v a r i o u s  tests of  t h e  system is  given i n  Sec t ion  4. 
opera t ion  and maintenance of t h e  dev ice  are discussed i n  Appendix A 

of t h i s  r e p o r t .  

Sec t ion  3 d e a l s  wi th  the des ign  cons ide ra t ions  involved 

Performance d a t a  obtained i n  

Procedures f o r  



2. OPERATING PRINCIPLES 

This instrument uses an optical heterodyne receiver to measure the 

phase shifts produced on a laser beam by reflection from a vibrating 
surface. In this scheme the laser output beam is divided into two 

parts. 
optical system of the instrument. 

an amount (in the present experiments approximately 25 MHz) large 
compared to the expected Doppler shifts on the reflected light from the 

surface under measurement. The shifted beam is sent to a beamsplitter 
mirror and from there directly into the photodetector; this beam is 
known as the reference or local oscillator beam. Some of the reflected 

light from the moving surface returns through the instrument optical 
system and is combined with the reference beam at the beamsplitter. 
A block diagram of this system is shown in Figure 1. 
between the reference and signal beams is thus produced on the photo- 

detector. 
sinusoidally at the difference frequency, which is just equal to the 
shift or system intermediate frequency (IF). If the surface moves, 
the phase or frequency of the interference changes, producing frequency 

modulation of the system IF. 
so that motions toward or away from the instrument produce distinctive 
Doppler modulations which give the motion direction as well as magnitude. 
The processing of the electronic signal from the detector is therefore 
relatively straight-forward. An analysis of the heterodyne detection 
process is given in the final report for Contract NAS2-3643; only the 
results are summarized here. 

One part is transmitted to the vibrating surface through the 
The other is shifted in frequency by 

Interference 

A stationary surface produces interference which varies 

The shift provides a frequency "bias" 

When the local oscillator and reflected signal beams are properly 
aligned and superimposed on a photodetector, the output current is of 
the form: 

4 



FREQUENCY-SHIFTED 
/ "LOCAL OSCILLATOR" BEAM 

SINGLE 
FREQUENCY 

/ 
PARTIAL 

OPTICS 
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SIGNAL BEAM 
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DETECTOR 
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IMPEDANCE 
MATCHING 
NETWORK 

OUTPUT TO SPECTRUM ANALYZER 
(INTERMEDIATE FREQ UENCY S IG NAL 
NEAR 25 MHz) 

VIBRATING 
SURFACE 

Figure 1. Block Diagram, Optical Heterodyne System. 
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where ILo and Is are t h e  dc c u r r e n t s  produced by t h e  l o c a l  o s c i l l a t o r  

and s i g n a l  beams a lone ,  and t h e  i n t e r f e r e n c e  term has  a frequency 

equal  t o  t h e  s h i f t  frequency o r  system I F  produced by t h e  Bragg d i f f r a c t i o n  

cel l .  The l o c a l  o s c i l l a t o r  phase i s  c o n s t a n t ,  depending on ly  on t h e  

a r b i t r a r y  choice of t i m e  re fe rence ;  hence i t  can be  set equal  t o  zero .  

The s i g n a l  phase 

v i b r a t i o n  : 

w 

@Is 
varies wi th  t i m e  such that f o r  a s i n u s o i d a l  

41Tx0 
@Is = - s i n  w t , 

V x 

where x i s  t h e  peak v i b r a t i o n  ampli tude,  w i s  t h e  v i b r a t i o n  frequency,  

and i s  the  laser wavelength. This  can be i n t e r p r e t e d  a l s o  as a 

frequency modulation by t ak ing  t h e  t i m e  d e r i v a t i v e  of t h e  phase: 

0 V 

d@Is 4 1 ~ x  w 

d t  
o v  cos  w t ( r ad ians  p e r  second) x V 

A w ( t )  = - = 

o r  

2x w o v  A w ( t )  = - cos  w t (cyc le s  pe r  second) A V 
Af ( t )  = - 

2T 

(3 )  

( 4 )  

Therefore  t h e  ac component of t h e  photodetector  c u r r e n t  i s  given by: 

s i n  w t] (5) = 2- cos[wt + - iac x 
0 

4lTx 
V 

This  s i g n a l  has an  FM spectrum and can be expanded i n t o  an i n f i n i t e  series 

of Bessel func t ion  sidebands: 

4axo 
i ac = 2- [Jo(-> cos u t  

(""".) cos  (w + w v ) t  
+ J1 A 

- J1 c"'3 x cos  (w - w v ) t  

6 



For 

t h e  

The 

+ higher  order  sidebands . 1 
V’ 

l a r g e  v i b r a t i o n  amplitudes xo, and f o r  low v i b r a t i o n  f requencies  w 

set of sidebands approaches a continuum over t h e  range w 5 o v . 
requi red  angular  frequency range over which t h e  output  coupl ing c i r c u i t  

4TX w 

A 

~ T X  w must respond i s  t h e r e f o r e  o v . This  “bandwidth” i s  determined then 

by t h e  v i b r a t i o n  c h a r a c t e r i s t i c  product x w , and of course t h e  laser 

wavelength A .  It has been assumed t h a t  t h i s  product xowv i s  a maximum 

a t  t h e  lowest frequency of i n t e r e s t  (10 Hz i n  t h i s  c a s e ) ;  t h a t  i s ,  we assume 

t h a t  t h e  mechanical response x f a l l s  o f f  wi th  inc reas ing  frequency a t  

least  as f a s t  as l / w v  a c ros s  the  e n t i r e  range of w . This assumption 

i s  gene ra l ly  v a l i d  above t h e  fundamental resonances of t h e  s t r u c t u r e .  

For t h e  parameters i n  t h e  prototype des ign  and performance c a l c u l a t i o n s ,  

/ 2 ~  = 10 Hz, (x ) we have taken 

t h e s e  va lues  imply a frequency range of 2.5 MHz peak-to-peak a t  t h e  photo- 

tube  output .  

A 
o v  

0 

V 

= 1 / 4  inch ,  and A = 6328g; (Wv)min o max 

For small v i b r a t i o n s  we note  t h a t  a l l  t h e  high order  Bessel func t ions  

are s m a l l ,  and t h e r e f o r e  it is s u f f i c i e n t  t o  make t h e  approximations: 

f o r  n > 1 

f o r  small 6 
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Therefore the ac current for small x becomes: 
0 

The information is now carried in the two-sideband frequency components of 

the current, which have peak amplitudes of 

I1 = 2JILOIS - (?) 
or r.m.s. amplitudes of 

Essentially all of the returning light is used in producing the IF carrier 
component at w. The detection process must not only recover the carrier, 
but must distinguish the sideband currents above the system noise in an 
instantaneous receiver bandwidth B. Using a relatively strong local 
oscillator beam and a sensitive multiplier phototube detector, the main 
noise contribution is from shot noise in the dc current produced by the 
local oscillator beam. This noise is given by: 

i = 42 e B (r.m.s.1 (13 1 n 

where e is the electronic charge 1.6 x 1O-l' coulombs. 

The detection will therefore have a unit signal-to-noise ratio when 
the sideband current power is the same as the noise power in the circuit. 
Then : 

0 2a or x 

8 



e 

If we further note that a square-law detector of quantum efficiency 

has the characteristic: 
rl 

S ? ? e ?  - 
Is - hv 

where hv is the energy of a photon of wavelength X and Ps is the 

reflected optical power incident on the detector, we arrive at a final 
expression for small vibration sensitivity: 

(17 

In the present instrument operation with a fully reflective specular 
-5 -2 vibrating surface gives an equivalent P = 10 watts with rl = 5 x 10 

(including losses in the narrow band filter) and 
detection bandwidth of 10 Hz the theoretical value for (xoImin 
approximately 0.082. 
ment performance. 

S 
X = 63282. With a 

is 4 

This is in good agreement with the measured instru- 

From the above results it is clear that motions very much larger 
or very much smaller than a wavelength of light can be measured equally 
well using a spectrum analyzer to display the output current spectrum. 
For motions with amplitudes of more than a wavelength, the total width 

of the spectrum 

8rxofv 
Af = 

can be measured and x can then be calculated, since the wavelength A 

is fixed and the vibration frequency 
conducting the vibration test. For this case the double amplitude 

0 

fv is selected by the person 

X Af =-  
2xo 4.rr fv 

has been plotted over a reasonable range of values for f and Af in 
Figure 2 .  

V 
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I n  t h e  case  of v i b r a t i o n  amplitudes less than a few o p t i c a l  wave- 

l e n g t h s ,  measurements of t h e  amplitudes are made by a d i f f e r e n t  

procedure.  Nearly a l l  of t h e  output s i g n a l  i s  contained i n  t h e  c a r r i e r ,  

of r e l a t i v e  amplitude Jo i n  t h e  low order  s idebands,  

whose amplitudes are as ind ica t ed  i n  the Bessel 

func t ion  expansion l y  t h e  c a l c u l a t i o n  i s  s u f f i c i e n t l y  

a c c u r a t e  i f  t h e  r e l a t i v e  amplitudes of on ly  two o r  t h r e e  of t h e  func t ions  

a r e  compared. A convenient graphica l  t a b u l a t i o n  of Bessel func t ions  

which is  ve ry  u s e f u l  i n  t h e  i n t e r p r e t a t i o n  of FM s p e c t r a  i n  t h i s  range 

i s  given i n  Reference 2.  

For motions less than one-tenth wavelength t a b l e s  u s u a l l y  a r e  

unnecessary,  s i n c e  Jo (“:x.) approaches one and J1 (“T”.) approaches 
2TX 

h 
ampli tude g ives  o d i r e c t l y .  

. Thus t h e  r a t i o  of t h e  f i r s t  sideband amplitude t o  t h e  c a r r i e r  0 - 
2TX 

h 

11 



3 .  DESIGN CONSIDERATIONS 

3 . 1  Operational Factors 
The horizontal dimensions of the laser vibration analyzer were chosen 

This choice was made as 2 feet by 3 feet at the beginning of the program. 
because it represents the smallest size possible using the present type 

of optical system without substantial complication of the optical design 
for critical components. The height of the output beam was made approxi- 
mately 40 inches so that test objects supported on ordinary work benches 
could be reached by the beam in a nearly horizontal direction. Controls 
were needed on the beam position so that it could be located accurately 
over an area approximately one foot square. 
about five inches was also desired so that irregular surfaces could be 
tested without movement of the instrument location during the test. 
Wheels were required so that the instrument could be moved conveniently, 
and provision for retracting the wheels was needed so that the device 

would be rigidly mounted during tests. 
to be at 25 MHz, with frequency modulation suitable for display on a 
spectrum analyzer, at 50 ohms output impedance. 

Focusing over a depth of 

The electronic output signal was 

3 . 2  Optical System and Components 

The basic optical system is shown in Figure 3 .  The system is drawn 
in one plane although the actual system is folded out of that plane by 

mirrors M1, M2' M g Y  5 ,  M8, and Mg. 
to a beam about 3 mm in diameter by the lens 
with a traveling 25 MHz sound wave in the Bragg cell to produce an 
unshifted beam, sent to the half-wave plate 
beam shifted in frequency by 25 MHz, sent to the 45' glass prism P1. 
The diffracted beam is known as the local oscillator beam. 
system approximately 1/6 of the light is diffracted into the local 
oscillator beam. This beam passes through the glass deflection block 
which is used for fine lateral alignment, to the beamsplitter mirror 
Reflected light from the beamsplitter reaches phototube (2) through the 
mirror Mg and the narrow band interference filter F2. The transmitted 

Light from the laser is collimated 
This light interacts L1. 

WP1 , and a diffracted 

In the present 

D, 
B. 
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energy i s  s e n t  t o  phototube (1) through a similar o p t i c a l  pa th .  

The undi f f rac ted  beam l eav ing  WP1 i s  r e f l e c t e d  by mi r ro r  M3 t o  

t h e  45' c a l c i t e  prism P2. 
normal t o  t h e  plane of  t h e  paper i n  F igure  3 .  Prism P2 and t h e  

quarter-wave p l a t e  

ra tes  t ransmi t ted  and received l i g h t  pass ing  through t h e  r e l a y  o p t i c a l  

system made up of l enses  L2 L3 and L4 and f o l d i n g  m i r r o r s  M5 and 

M6. The mir ror  M7 i s  movable so  t h a t  t h e  output  beam can  be  pos i t ioned  a t  

t h e  d e s i r e d  loca t ion  on t h e  v i b r a t i n g  su r face .  

mi r ro r  M4 

tests of t h e  beamspl i t te r  mir ror  and o t h e r  components. It should be noted 

t h a t  t h e  l e n s  L2 

normal r e f l e c t i o n s  which might reach  t h e  phototubes and i n t e r f e r e  with 

t h e  des i r ed  s i g n a l .  

reduce r e f l e c t i o n s  t o  w e l l  below 1% per  su r face .  The m i r r o r s  (except 

f o r  M4) are mul t i l aye r  coated f o r  t h e  h ighes t  p o s s i b l e  r e f l e c t a n c e  a t  

632813. 

The o p t i c  axis of t h e  ca lc i te  c r y s t a l  i s  

form an  o p t i c a l  d i r e c t i o n a l  coupler  which sepa- 

There i s  a l s o  a movable 

which i s  placed i n  t h e  o p t i c a l  pa th  only  f o r  alignment 

i s  a cemented double t  used o f f - ax i s  t o  avoid any 

All t h e  a i r - to-g lass  s u r f a c e s  are vacuum coated t o  

3 .2 .1  Laser * 
The 632813 helium-neon laser w a s  s e l e c t e d  as a source because i t  

gene ra t e s  more than  100 microwatts of l i g h t  a t  a s i n g l e  frequency, without  

spur ious  modulation which i s  o r d i n a r i l y  i n  multi-frequency lasers. The 

laser c a v i t y  i s  b u i l t  i n t o  a n  oven, c o n t r o l l e d  by t h e  laser power supply 

t o  main ta in  a f ixed c a v i t y  l eng th  and output  wavelength. 

t o r  l eng th  i s  ad jus t ab le  p i e z o e l e c t r i c a l l y  f o r  maximum output  by means of 

a potent iometer  ( the  "Manual X Control") on t h e  laser power supply panel .  

The exact resona- 

3 . 2 . 2  Bragg Di f f r ac t ion  C e l l  

This  device,  which produces t h e  r a d i o  frequency s h i f t  on t h e  l o c a l  

o s c i l l a t o r  beam, makes u s e  of t h e  i n t e r a c t i o n  of l i g h t  and sound i n  

water''). A plane t r a v e l i n g  a c o u s t i c  wave a t  25  MHz i s  set up i n  t h e  

water by v i b r a t i o n  of a qua r t z  c r y s t a l  5 c m  i n  diameter  a t  one end of 

t h e  c y l i n d r i c a l  pyrex v e s s e l  conta in ing  t h e  l i q u i d .  The th i ckness  of 

t h e  qua r t z  i s  chosen so that  i t  v i b r a t e s  i n  resonance a t  t h e  5 t h  overtone.  

* 
Model 1 1 9 ,  Spectra  Physics ,  I n c . ,  Mountain V i e w ,  C a l i f o r n i a .  
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The laser beam is introduced throuah windows i n  t h e  s i d e s  of t h e  vessel 
-1 (optical wavelength) a t  a n  ang le  8 = s i n  . A t  t h i s  ang le  t h e  2 x (acous t ic  wavelength) 

i n c i d e n t  and d i f f r a c t e d  l i g h t  waves remain i n  phase wi th  t h e  a c o u s t i c  wave 

over the interaction volme, 8 co~d. i t ion mczssary fcr the  diffraction t o  

be  s u b s t a n t i a l .  I n  the p resen t  geometry the d i f f r a c t e d  l i g h t  i s  Doppler- 

s h i f t e d  upward i n  frequency by the s c a t t e r i n g  process ,  so t h a t  t h e  d i f f r a c t e d  

wave has a frequency 25 MHz higher than  t h e  und i f f r ac t ed  l i g h t .  

The vessel i s  cons t ruc ted  of pyrex g l a s s  and s t a i n l e s s  steel t o  avoid 

The matching network which couples  t h e  50 ohm input  connect ion co r ros ion .  

t o  t h e  c r y s t a l  i s  mounted i n  the aluminum c y l i n d e r  behind t h e  c r y s t a l .  

Because t h e  qua r t z  c r y s t a l  i s  f r a g i l e  and f a c e s  t h e  water on one s i d e  

on ly ,  a p re s su re  r e l i e f  diaphragm i s  mounted i n  t h e  b lack  phenol ic  cap 

which seals t h e  top  of t h e  vessel. 

3.2.3 Relay Opt i ca l  System 

The l e n s e s  L2 , L3, and L4, which make up t h e  r e l a y  t e l e scope ,  were * 
f a b r i c a t e d  t o  t h e  fol lowing s p e c i f i c a t i o n s  : 

1. Operating wavelength - 63281. 

2 .  Entrance Pup i l  Diameter - 3 m i l l i m e t e r s ,  o f f -ax is .  

3. Exi t  Pup i l  Diameter - 75 m i l l i m e t e r s  nominal. 

4. Focal l eng th  of large lenses  (L3 and L4) - 48 inches.  

5 .  Wavefront D i s t o r t i o n  f o r  Two Passes  - less than  1 / 4  wave. 

6. F ie ld  of V i e w  - 3 m i l l i r a d i a n s  minimum. 

7 .  Lenses t o  be mounted i n  b lack  anodized c y l i n d r i c a l  cel ls .  

The design of t h e  system i s  a s  fol lows.  A t  t h e  en t rance  p u p i l  (L2),  

t h e  inc iden t  beam i s  3 mm i n  diameter and approximately 3 mm o f f s e t  from 

t h e  leas a x i s .  The l e n s  L2 i s  a h ighly  co r rec t ed  cemented double t  w i th  a 

1.788-inch back f o c a l  length .  The index of t h e  convex element i s  

1.52081 and t h a t  of t h e  concave element i s  1.71686. The l e n s e s  L3 and 

L4 are plano-convex s i n g l e t s ,  used on-axis,  wi th  r e s i d u a l  s p h e r i c a l  

* 
Opt ica l  Instruments  Corporation, Buena Park,  C a l i f o r n i a .  
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a b e r r a t i o n  removed by hand f i g u r i n g  of t h e  plano su r face .  

were made of BK-7 g l a s s  wi th  r e f r a c t i v e  index 1.51476. 

M5 has  a fused s i l i c a  s u b s t r a t e  and i s  f l a t  t o  1 /20  wave. 

i d e n t i c a l  t o  M1, M2, M3, Ma,  and Mg. 

Pyrex, and were f a b r i c a t e d  t o  a f l a t n e s s  of 1 /10  wave . 
obtained f o r  the  entire system i n d i c a t e s  t h a t  t h e  o p t i c a l  q u a l i t y  of t h e  

assembled r e l a y  t e l e scope  i s  e x c e l l e n t .  

These l e n s e s  

The small mi r ro r  

M5 i s  

The l a r g e  m i r r o r s  M6 and M7 are * 
Performance d a t a  

3.2.4 Mul t ip l i e r  Phototubes ** 
Two m u l t i p l i e r  phototubes connected i n  t h e  balanced mixer conf igu ra t ion  

a r e  used i n  t h e  system t o  achieve t h e  b e s t  p o s s i b l e  s ignal- to-noise  r a t i o  

and spur ious  modulation suppression.  The tubes  used w e r e  a s e l e c t e d  D a i r  

wi th  S-20 photocathodes and t e n  dynode s t a g e s .  The quantum e f f i c i e n c y  of 

t h e s e  tubes  is  s l i g h t l y  over  8%. 

ampere; thus ,  i t  i s  necessary t o  use  only  s ix  of t h e  t e n  s t a g e s  f o r  g a i n ,  

This  i s  accomplished by shor t ing  toge the r  e l e c t r o d e s  no. 6 - 11 on t h e  tube  

socket  and using t h e s e  as  t h e  anode o r  ou tput  connect ion,  as shown i n  

Figure 4 .  The p o l a r i t y  of t he  secondary t u r n s  on t h e  resonant  t ransformer 

w a s  made oppos i te  on t h e  two tubes  so t h a t  t h e  output  c u r r e n t s ,  which are 

a l r eady  180 

process ,  could be  added d i r e c t l y .  

both tubes  i n t o  a 50-ohm l i n e ,  t h e  t ransformer secondary of each is  100 

ohms. 

t i o n ,  which i s  produced in-phase i n  both tubes .  

amperes of d i r e c t  c u r r e n t  a t  1100 v o l t s  i s  needed t o  run  both tube  

c i r c u i t s .  

through t h e  wiper con tac t  of a 50 kn poten t iometer ,  w i t h  each of  t h e  tube  

c i r c u i t s  connected t o  one end of t h e  potent iometer  r e s i s t a n c e .  

of t h e  wiper i s  then  set t o  balance t h e  ga ins  f o r  bo th  tubes .  

The maximum output  c u r r e n t  i s  1 m i l l i -  

0 out of phase because of energy conserva t ion  i n  t h e  heterodyne 

Because of t h e  p a r a l l e l  connect ion of 

Th i s  method of connect ion tends t o  reject spur ious  ampli tude modula- 

A t o t a l  of about  10 m i l l i -  

A prec i s ion  ga in  balance is  achieved by apply ing  t h e  high vo l t age  

The p o s i t i o n  

*Tinsley Laborator ies ,  Berkeley, C a l i f o r n i a .  

**Type 7326, Radio Corporation of America, Harr i son ,  New Je r sey .  
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The tubes  a r e  mounted i n  aluminum housings 4 i nches  square .  I n  f r o n t  

of each photosurface i s  a l i g h t  b a f f l e  t o  l i m i t  t h e  f i e l d  of view and a 

coated r i g h t  angle  prism which a l lows  t h e  l i g h t  t o  be i n c i d e n t  from t h e  

s i d e  of t h e  housing. A t  t h e  en t r ance  h o l e  on each housing i s  mounted a 

narrow band i n t e r f e r e n c e  f i l t e r .  Th i s  a l lows  t h e  o p e r a t i o n  of t h e  v i b r a t i o n  

ana lyzer  system wi th  t h e  o p t i c a l  deck cover removed and normal room 

l i g h t s  on.  

mission of 85% centered on 6328g. 

* 
These f i l t e r s  have a s p e c t r a l  bandwidth of 37g w i t h  peak t r ans -  

3 . 3  Mechanical Components 

The mechanical p o r t i o n  of t h e  system i s  d iv ided  s t r u c t u r a l l y  i n t o  a 

frame assembly, which carries t h e  e l e c t r o n i c  components and wheel assembly, 

and a n  o p t i c a l  deck, which rests on t h e  frame and ho lds  t h e  o p t i c a l  

components p r e c i s e l y  i n  p o s i t i o n .  

The s t r u c t u r e  of t h e  frame is  made of 2-inch aluminum ang le  s tock ,  

welded i n t o  a s i n g l e  u n i t .  The wheel r e t r a c t i n g  system, c o n s i s t i n g  of 

four  casters mounted on a crank-operated l inkage  which can be r a i s e d  o r  

lowered by hand, i s  bol ted  t o  t h e  bottom of t h e  aluminum frame. B a f f l e s  

are mounted i n s i d e  t h e  frame t o  exclude dus t  and ho t  a i r  generated by 

e l e c t r o n i c  components from t h e  o p t i c a l  path.  The e l e c t r o n i c  p a r t s  are 

rack-mounted i n t o  one end of t h e  frame, and c o n t r o l s  f o r  t h e  o p t i c a l  

adjustments  are l oca t ed  on t h e  oppos i te  end. 

metal s i d e s  are louvered t o  provide v e n t i l a t i o n  f o r  t h e  power supp l i e s .  

The removable shee t  

The o p t i c a l  deck i s  an  aluminum c a s t i n g  3 / 4  inch  t h i c k .  The laser, 

co l l ima t ing  l ens ,  phototube housings,  and p o r t i o n s  of t h e  r e l a y  o p t i c a l  

system are  mounted below t h e  su r face  of t h i s  c a s t i n g ;  o t h e r  components are 

mounted on top .  

system along a p a i r  o f  ground steel ways by means of a r igh t -angle  gear  

d r i v e  system. Pos i t i on  of t h e  beam i s  c o n t r o l l e d  by t h e  motion of a 5- 

inch  o p t i c a l l y  f l a t  mi r ro r  mounted i n  a gimbal a t  t h e  system ou tpu t .  

r o t a t i o n  axes  are dr iven  through compact speed-reducer gear  systems wi th  a 

r a t i o  of 2500:l. Because of t h e  low torque  l i m i t s  a t  t h e  ou tpu t s  of t h e s e  

speed-reducing u n i t s ,  a n  over - r ide  c l u t c h  i s  provided on t h e  ver t ica l  

Focusing i s  accomplished by moving t h e  last l e n s  i n  t h e  

The 

* 
Thin Film Products ,  Inc . ,  Cambridge, Massachusetts.  

18 



c o n t r o l  a x i s  and a deformed O-ring f r i c t i o n  d r i v e  i s  used on t h e  hor i -  

z o n t a l  c o n t r o l  a x i s .  The O-ring e f f e c t i v e l y  decouples any i n t e r -  

actio:: tcrques between the t w o  axes. A nylon shear p i n  is alse located 
on t h e  ho r i zon ta l  c o n t r o l  axis a t  t h e  speed reducer  output  t o  avoid the  

p o s s i b i l i t y  of damage t o  t h e  gear system by a c c i d e n t a l  manual f o r c e  appl ied  

t o  t h e  mir ror ,  should t h e  instrument be operated wi th  the  cover removed. 

The beamspl i t te r  mi r ro r  o r i e n t a t i o n  i s  the most s e n s i t i v e  adjustment 

i n  t h e  system. 

misalignment due t o  v i b r a t i o n  during t r a n s i t .  

deformation of t he  base i t s e l f ,  under p re s su re  appl ied  through f ine -  

th read  screws, t o  achieve accura te  angular  alignment of t h e  beamspl i t te r  

i n  t h e  v e r t i c a l  and ho r i zon ta l  planes. The d e f l e c t o r  block is used t o  

achieve t r a n s l a t i o n a l  alignment (overlap) of t he  two beams inc iden t  on 

t h e  beamspl i t te r  mir ror .  

This  element is  mounted on a f i x t u r e  designed t o  resist 

The f i x t u r e  uses  e l a s t i c  

A r o t a t a b l e  aluminimized mirror (M i n  Figure 3) i s  mounted beyond 4 
t h e  doublet  l e n s  (L2) as an alignment f i x t u r e .  

mi r ro r  is  r o t a t e d  120' from the v e r t i c a l ,  s o  t h a t  i t  l i e s  ou t s ide  t h e  

o p t i c a l  path.  To check the  system alignment wi th  the  instrument cover 

removed, t h i s  mir ror  is  r o t a t e d  120° so t h a t  t h e  f i x t u r e  i s  v e r t i c a l  and 

centered  on t h r e e  support ing points .  Light is then r e f l e c t e d  back i n t o  

the  system as though a proper ly  adjusted su r face  were loca ted  a t  t h e  

focus of t h e  r e l a y  l e n s  system. The 25 MHz s i g n a l  thus  produced a t  t h e  

system output  can be used t o  a l i g n  the  beamsp l i t t e r  mir ror  f o r  maximum 

output .  The c o r r e c t  magnitude of t h i s  s i g n a l  a l s o  i n d i c a t e s  proper 

func t ioning  of t he  laser, Bragg c e l l ,  o s c i l l a t o r ,  and phototubes,  a f t e r  

t h e  alignment adjustments have been made. 

I n  normal opera t ion ,  t he  

The o p t i c a l  deck assembly i s  p a r t i a l l y  i s o l a t e d  from v i b r a t i o n s  of 

t he  frame by a neoprene gasket below the  deck su r face  and by small 

O-rings loca ted  under t h e  mounting screws on t h e  upper sur face .  
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Figures  5 and 6 are diagrams of t h e  mechanical and o p t i c a l  conf igura-  

t i o n  used i n  t h e  pro to type  instrument .  

o p t i c a l  deck assembly w i t h  t h e  cover  removed, and Figure  8 shows t h e  

i n t e r n a l  mounting of  t h e  components wi th  t h e  s i d e  pane l s  removed. 

F igures  9 and 1 0  show t h e  e lectr ical  and mechanical c o n t r o l s  on t h e  

completely assembled instrument .  

F igure  7 i s  a photograph of t h e  

3 . 4  E l e c t r i c a l  Components 

The e l e c t r i c a l  system of t h e  instrument  c o n s i s t s  of t h e  laser power 

supply,  phototube h igh  vo l t age  supply,  o s c i l l a t o r  d r i v e r  f o r  t h e  Bragg 

c e l l ,  and low vol tage  supply f o r  t h e  o s c i l l a t o r .  

The laser power supply performs two b a s i c  func t ions .  It provides  power 

f o r  t h e  discharge i n  t h e  laser tube  and a l s o  main ta ins  a s t a b l e  o p t i c a l  

c a v i t y  l eng th  through thermal  and p i e z o e l e c t r i c  c o n t r o l s  i n  t h e  laser 

head. The cav i ty  l e n g t h  i s  held cons tan t  because i t  ,is mounted i n s i d e  a 

the rmos ta t i ca l ly  c o n t r o l l e d  oven. When t h e  supply i s  set i n  e i t h e r  t h e  

"standby" o r  "on" p o s i t i o n s  , t h e  oven is  opera t ing .  The "standby" mode 

i s  provided so t h a t  t h e  laser may be permanently connected t o  t h e  

power l i n e  and operated when d e s i r e d  without  warm-up. I f  t h e  u n i t  i s  

turned o f f ,  a three-hour warm-up i s  requi red  be fo re  t h e  laser c a v i t y  

i s  s t a b i l i z e d .  The p i e z o e l e c t r i c  manual "AA" c o n t r o l  a l lows  manual 

adjustment of the o p t i c a l  c a v i t y  over  a few h a l f  wavelengths. This  

c o n t r o l  i s  used i n  t h e  present  system f o r  achieving maximum output  power 

by tun ing  t h e  l a s e r  o s c i l l a t i o n  frequency t o  a n  optimum p o r t i o n  of t h e  

atomic f luorescence l i n e .  

Details of t h e  cons t ruc t ion  and maintenance of t h e  laser and supply 

are given i n  t h e  opera t ing  manual f o r  t h e  laser, which w a s  de l ive red  along 

wi th  t h e  instrument .  

The phototube assemblies  i n  t h e  instrument  r e q u i r e  approximately 

-1100 v o l t s  a t  a d i r e c t  c u r r e n t  of about 5 mil l iamperes  pe r  tube .  

suppl ied  by a dc high vo l t age  source . 
This  i s  * 

Although t h i s  u n i t  is  v a r i a b l e  

* 
Model 1547, Power Designs, Inc . ,  Palo Alto,  C a l i f o r n i a .  
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Figure  8 .  Photograph, Vibra t ion  Analyzer w i t h  S ides  and Cover Removed. 
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Figure 9 .  Photograph, Assembled Vibration Analyzer, 
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Figure  10. Photograph, Vibra t ion  Analyzer Mechanical Cont ro ls .  
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and can be  set t o  provide  more o r  iess than  t h e  optimum i i 0 0  v o i t s  nega t ive ,  

g r e a t e r  v o l t a g e s  w i l l  damage t h e  phototubes and should not  be app l i ed .  

Lower vo l t ages  than  t h e  r a t e d  value w i l l  merely reduce ga in  i n  t h e  tubes ,  

u l t i m a t e l y  reducing t h e  s ignal- to-noise  r a t i o .  As mentioned i n  the ear l ier  

d e s c r i p t i o n  of t h e  phototube assemblies,  t h e  balance of ga in  is  accomplished 

by a potent iometer  mounted i n s i d e  one of t h e  tube  assemblies:  t h e  e x t e r n a l  

h igh  vo l t age  need not  be ad jus t ed  i n  normal opera t ion .  

performance, c i r c u i t  diagrams, and maintenance i n s t r u c t i o n s  are included 

i n  power supply i n s t r u c t i o n  manual provided wi th  t h e  instrument .  

Details  of t h e  

* 
The o s c i l l a t o r  d r i v e r  f o r  the Bragg c e l l  provides  up t o  2 w a t t s  of r f  

power a t  25 MHz i n t o  a 50-ohm load. Power level and frequency ad jus t -  

ments on t h e  o s c i l l a t o r  have been set f o r  optimum performance and should 

not  be d i s tu rbed .  This  device  uses t h e  main c a s t i n g  of t h e  o p t i c a l  deck 

as a hea t  s ink .  S p e c i f i c a t i o n s  for  t h e  device  are as  fol lows:  

1. 

2. 
3. Frequency - t unab le  24 - 26 MHz. S t a b l e  t o  w i t h i n  30 kHz from 

4 .  Harmonic d i s t o r t i o n  - a l l  harmonics more than  22 dB down. 

Input  power - 28 VDC a t  less than  255 m a .  

Maximum output  power - 2 w a t t s  ( v a r i a b l e  down t o  20 mw). 

O°C t o  6OoC. 

The o s c i l l a t o r  i s  s e n s i t i v e  t o  VSWR and should no t  be operated 

except i n t o  t h e  modulator (when tuned t o  t h e  proper  frequency) o r  i n t o  a 

50-ohm load .  

The 28-volts dc f o r  t h e  o s c i l l a t o r  i s  suppl ied by a s o l i d - s t a t e  power ** 
supply . This  u n i t  can provide up t o  1 ampere a t  28 v o l t s ,  which i s  more 

than  adequate  f o r  t h e  p re sen t  app l i ca t ion .  

contained i n  t h e  opera t ing  manual f o r  t h i s  supply,  a l s o  included i n  ship-  

ment w i th  t h e  instrument .  

s o l i d - s t a t e  c i r c u i t s ,  no warm-up period i s  requi red  f o r  t h e s e  components. 

Detai ls  of the c i r c u i t  are 

Since the  o s c i l l a t o r  and i t s  supply are completely 

* 
** Western Microwave Laborator ies ,  I n c . ,  Santa Clara, C a l i f o r n i a .  

Model UPM-44, Power Designs, Inc . ,  Pa lo  Al to ,  C a l i f o r n i a .  
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An overall e l e c t r i c a l  wiring diagram for the system is  given i n  

Figure 11. 
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Figure 11. Block Diagram, Electrical System. 
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4. MEASURED PERFORMANCE AND EXPERIMENTAL DATA 

The tests made to determine performance characteristics were in three 
principal categories: 

1. Tests to determine large and small vibration amplitude sensitivities. 

2. Tests to determine the heterodyne signal strength at the system 
output for several reflecting surface materials. 

3.  Tests to determine optical power levels and losses at various 
points in the optical system. 

The results of the amplitude sensitivity tests are shown in Figures 
12 and 13. 
excitations are shown. 
obtained using a motor-driven reciprocating mirror at a speed correspond- 

ing roughly to 1 Hz. 
a loudspeaker voice coil. 
trace; the upper trace is a marker signal introduced to indicate beat 
frequency spread. Peak-to-peak displacement, vibration frequency, and 
marker spacing are indicated for each case. 

In Figure 12 the response to large and medium amplitude 
The 1/2-inch peak-to-peak displacement was 

The others were taken using a mirror mounted on 
In each case the system response is the lower 

Figure 13 shows some small amplitude spectra. Since the sidebands 

are resolved by the spectrum analyzer, no frequency marker is needed. 
Amplitudes and frequencies of the vibrations are given. 
taken at 250 kHz and 570 kHz demonstrate the capability of this instru- 
ment for measuring mechanical vibrations at frequencies into the 
radio frequency band. 

The traces 

The heterodyne signal power was measured for a number of surfaces, 
some of which were test samples supplied by the Government technical 
monitor for this project. 
instrument focusing control for maximum signal on the spectrum analyzer 
and then substituting a known signal of the same strength obtained from 

Measurements were made by adjusting the 
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Peak-to-Peak Displacement = D 
= 0.5 inches  = 12.5 mm 
Frequency = F - 1 Hz 
Marker Spacing = MS = 0.25 MHz 

D = 1.5 mm 
F = 10 Hz 
MS = 0.25 MHz 

D = 0.4  mm 
F = 100 Hz 
MS = 0.25 MHz 

D = 5 x 
= 5 microns 

F = 1000 Hz 
MS = 0 . 1  MHz 

D = 1 . 3  x 
= 1 . 3  microns 

F = 2000 Hz 
MS = 0.1  MHz 

F igure  1 2 .  V ib ra t ion  ana lyze r  ou tpu t  s p e c t r a  f o r  v a r i o u s  v i b r a t i o n  ampli tudes 
and f r equenc ie s .  Frequency markers a r e  top  t r a c e s ;  ou tput  s i g n a l s  
a r e  lower t r a c e s ,  



(a)  Displacement = 2000 8 (b) Displacement = 2258 
Frequency = 10 kHz Frequency = 26 kHz 

( c )  Displacement = 5002 (d) Displacement = 400t 
Frequency = 250 kHz Frequency = 570 kHz 

Figure  1 3 .  Vibra t ion  Analyzer ou tput  s p e c t r a  f o r  s m a l l  d isplacements .  
Traces  (a) and (b) were obtained wi th  a loudspeaker v o i c e  
c o i l  t o  move t h e  mir ror .  Traces (c )  and ( d )  were obtained 
d i r e c t l y  from t h e  unpolished s u r f a c e  of a p i e z o e l e c t r i c  I ceramic t ransducer .  



a r e f e r e n c e  25 MHz generator  and c a l i b r a t e d  a t t e n u a t o r .  For t h e  d i f f u s e  

r e f l e c t o r s  t h e  s i g n a l  f l u c t u a t e s  because of i n t e r f e r e n c e  e f f e c t s  . 
For some of t h e  su r faces ,  da t a  was  taken  both f o r  normal incidence and 45' 

inc idence .  

t h u s  no p o l a r i z a t i o n  o r i e n t a t i o n  was recorded.  

t h e  i n t e r n a l  r e fe rence  o r  alignment mir ror  w a s  a l s o  measured f o r  comparative 

purposes .  Resu l t s  a re  given i n  Table I. Samples marked (*) were provided by 

NASA Ames Research Center.  The f l a t  whi te  pa in t  w a s  lanthanum hydroxide i n  

potassium s i l i ca t e ;  t h e  f l a t  black p a i n t  i s  Parson 's  o p t i c a l  b lack  l aque r .  

The second s u r f a c e  aluminized sample w a s  found t o  have a r e f l e c t a n c e  

of on ly  57% f o r  t h e  laser l i g h t  a t  near  normal inc idence ;  t h i s  exp la ins  

t h e  r e l a t i v e l y  low reading obtained f o r  t h a t  sample. The d i f f u s e  whi te  

samples show maximum s i g n a l s  t h a t  a r e  somewhat lower than  a n t i c i p a t e d .  

From geometr ical  cons ide ra t ions ,  one would exDect t h e  b e s t  s i g n a l s  

t o  be  g r e a t e r  than  -42 dBm. 

breadboard o p t i c a l  system of t h e  preceding program.) 

and spreading i n  t h e  microscopic sur face  s t r u c t u r e  must be respons ib le  

f o r  t h e  lower va lues .  The s e n s i t i v i t y  of t h e  equipment i s  such t h a t  u s e f u l  

r e s u l t s  mav be obtained us ing  t h e  b lack  pa in ted  su r face ,  i f  t h e  v i b r a t i o n  

amplitude i s  comparable t o  a wavelength o r  l a r g e r .  

(2)  

The instrument output  p o l a r i z a t i o n  i s  e s s e n t i a l l y  c i r c u l a r ;  

The s i g n a l  obtained from 

(This discrepancy w a s  a l s o  obtained us ing  t h e  

Beam depo la r i za t ion  

The r e s u l t s  of t h e  o p t i c a l  power measurements are ind ica t ed  i n  

F igure  14. 

l i g h t  f o r  t ransmission can be co l l ec t ed  from a p e r f e c t  mirror  through 

t h e  r e l a y  o p t i c s  and d i r e c t i o n a l  coupler .  With a f i l t e r  e f f i c i e n c y  of 

85%,  t h i s  i s  an o v e r a l l  system power e f f i c i e n c v  of 63%.  This  va lue  i s  

poss ib l e  wi th  so many components because of t he  e f f i c i e n c y  of t h e  d i -  

e lec t r ic  coa t ings  on t h e  l e n s e s  and mi r ro r s .  

From t h i s  da t a  i t  i s  c l e a r  t h a t  about 74% of t h e  a v a i l a b l e  
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APPENDIX A 

A . l  Operat ing I n s t r u c t i o n s  

The instrument  should be located i n  f r o n t  of t h e  v i b r a t i n g  s u r f a c e  wi th  

a d i s t a n c e  of  about t h r e e  f e e t  between t h e  s u r f a c e  and t h e  r ec t angu la r  out-  

put  window of t h e  instrument .  The wheels should be r e t r a c t e d  before  t h e  

test  begins  so t h a t  t h e  instrument i s  secu re ly  loca t ed  on t h e  f l o o r .  The 

func t ion  swi tch  on t h e  laser  power supply should be i n  t h e  "on" p o s i t i o n .  

I f  t h e  u n i t  has  been plugged i n  and l e f t  i n  t h e  s tandby p o s i t i o n ,  no warm-up 

per iod  f o r  t h e  laser i s  requi red .  I f  power has  been disconnected,  a warm-up 

per iod  as long as t h r e e  hours for  t h e  laser oven may be requi red  before  t h e  

output  power i s  f u l l y  s t a b i l i z e d ;  tests may be conducted sooner i f  t h e  

laser output  i s  f r equen t ly  adjusted by means of t h e  manual "AA" c o n t r o l  

po ten t iometer  on t h e  laser power supply.  

be set i n i t i a l l y  f o r  maximum l a s e r  ou tput .  

several ways, the s imples t  of which is  a crude v i s u a l  adjustment f o r  g r e a t e s t  

apparent  b r igh tness  of t h e  output beam on t h e  s u r f a c e ,  followed by a 

f i n a l  adjustment f o r  maximum s i g n a l  on t h e  spectrum analyzer .  

v o l t a g e  supply should be set w i t h  both t h e  ac l i n e  and high v o l t a g e  

swi tches  i n  t h e  "on" p o s i t i o n s .  

a t  1100 v o l t s  and p o l a r i t y  should be nega t ive .  

l e f t  undis turbed t o  avoid t h e  p o s s i b i l i t y  of overvol tage  a t  t h e  phototubes.  

The o s c i l l a t o r  B+ switch on t h e  upper pane l  should a l s o  be turned on. 

I n  any case, t h e  A A  c o n t r o l  should 

This  can be observed i n  

The h igh  

The v o l t a g e  i n d i c a t o r  d i a l s  should be  set 

These s e t t i n g s  should be 

The output  connect ion t o  the spectrum ana lyze r  should be made using 

50-ohm c o a x i a l  cab le .  

s idebands about t h e  25 MHz c a r r i e r  should be used t o  d i s p l a y  t h e  s i g n a l .  

Equivalent  n o i s e  a t  t h e  spectrum analyzer  i npu t  should be less than  -90 dBm 

f o r  a bandwidth ad jus ted  t o  10 kHz, i f  t h e  f u l l  s e n s i t i v i t y  of t h e  o p t i c a l  

heterodyne system i s  t o  be r ea l i zed .  

A spectrum ana lyze r  capable  of d i sp l ay ing  audio 

I f  t h e  o b j e c t  has  o p t i c a l l y  smooth s u r f a c e s ,  i t  w i l l  be necessary t o  

o r i e n t  t h e  r e f l e c t i n g  su r face  t o  be measured so  t h a t  l i g h t  r e t u r n s  t o  t h e  

o p t i c a l  system. This  i s  e a s i l y  done wi th  room l i g h t s  turned o f f ,  us ing  a 

p i e c e  of white  paper he ld  beside t h e  t r ansmi t t ed  laser beam. When t h e  
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returning signal is adjusted back into the optical system, it will move 
off the paper screen. Before performing this operation, it is necessary 

to check that the surface is near the focus of the transmitted beam. 
Final focusing adjustments are made with the crank handle on the side of the 

instrument after other settings have been made. 
that the heterodyne receiver is very sensitive to focusing and the output 

signal will be very weak unless the object is within a few millimeters of 

the correct focus. 

It should be emphasized 

For diffuse surfaces, the orientation of the surface is not critical, 
but particular care must be taken in focusing because the signal is many 
dB weaker than for specular reflectors. Unlike the signal from specular 
objects, the signal from diffuse reflectors usually fluctuates in amplitude 
at low frequencies because of air currents and unavoidable bench vibrations. 
This is usually not a serious problem with vibration amplitudes of one 
micron or greater. However, for precise measurement at levels of 1000 2 
or less, it is best to use rapid photographic exposures or rapid single- 
sweep displays of the analyzer to eliminate effects due to the fluctuations. 
Alternately, one can estimate time averages of the sideband heights in 

such cases. 

With slight additional complication, one can also measure the parameters 
of the output with devices other than rf spectrum analyzers. 
the system output signal and another tunable signal at a frequency 
a mixer, as shown in Figure 15, the intermediate frequency carrier can be 
translated to any part of the spectrum. 
difference between 25 MHz and f' might be set in the audio band, so that 
a scanning tunable voltmeter can be used to record the output. 
the difference (f' - 25 MHz) can be tuned to the input frequency of a 
commercial FM receiver. 
proportional to surface velocity, at least for surfaces of relatively high 
reflectance and for vibration amplitudes that are not too large. 

By combining 
in f' 

For precise measurements the 

Alternately 

Such a receiver provides an output voltage 

, 
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MIXER 

* 

SUM AND DIFFERENCE 
FREQUENCIES 

(TO TUNABLE VOLTMETER 

OPTICAL SYSTEM 
OUTPUT SIGNAL 

NEAR 25 MHz 

OR FM RECEIVER) 

TUNABLE RF GENERATOR 
(POWER OUTPUT ABOUT 

0 DBM) 

Figure 15. Alternate Processing Methods for Output Signal Display. 
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. .  

Interpretation of the spectra obtained using the spectrum analyzer or 

tunable voltmeter is discussed in Section 2 of this report. For vibration 
amplitudes greater than a few microns, the peak-to-peak excursion of the 

surface is given very accurately by the relation 

XAf = -  
2xo 4nfv 

where X = 6328w, fV 
measured total width 
tenth wavelength, it 

is the known vibration frequency, and Af is the 
of the spectrum. 
will usually be sufficient to use the approximation 

For double amplitudes less than one- 

= (0.10 microns) x - (3 
where 

IC 
terms of the powers in the carrier and sidebands, which are often measured 

more directly, the double amplitude is 

ISB is the current (or voltage) amplitude of the first sideband and 
is the current (or voltage) amplitude of the carrier at 25 MHz. In 

2 A /-G = (0.10 microns) x /% 
pC 2xo 21T - 

pC 
8 

For amplitudes in the range between a few wavelengths and about one-tenth 
wavelength, there are no valid approximations, and one must use a table or 
plot of the Bessel functions of the first kind, up to the second or third 
order. 
to 

The ratio of the currents or voltages in the carrier, proportional 

and in the first f e w  sidebands, which are proportional to 

will be measured and compared to values in a table(*) of these functions. 
This will quickly indicate the correct value for 
2x is easily computed. 

4nxo/A, from which 

0 
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Observation of tho shape of the spectrum wili immediately indicate 

which of the above cases is valid. 
set at a slow rate, the first case (large amplitudes) is characterized 

by a spectrum of many sidebands, perhaps so dense that the sidebands are 

unresolved. For the second case (very small amplitudes) there will be 

only two sidebands of any appreciable amplitude, one on either side of 

the carrier, and the sidebands will be considerably weaker than the carrier. 
For the third case there will be substantial power in several sidebands, 
but the number of significant sidebands will be less than about ten. 

The accuracy of the approximation used in the first case is indicated, in a 
given instance, by the rate at which the sidebands at the extremes of the 
observed spectrum drop from large values to insignificant values as a 
function of frequency. 

Doppler spectrum is a measure of the error in this approximation. 
error in the second case can be estimated by considering the magnitude of 
the third order term in the Taylor's series expansion of 

With the sweep speed of the analyzer 

This uncertainity in the precise "edge" of the 
The 

J1(y): 

3 5  7 
= y - J L . y - y +  .,. 

J1(y) 2 16 384 18,432 

where y = 4~rx / A  in the present case. The approximation assumes that 

only the first order term above is significant. 
no approximation is used, and accuracy is limited only by noise and by the 

degree of accuracy one desires in interpolating the arguments of the 
functions from the mathematical table or graph. 

0 

In the third case above, 

A . 2  Instrument Maintenance 

The prototype instrument has been designed to require a minimum of 

maintenance. In an instrument employing such a complex and precise 

optical system, there are a great number of mechanical adjustments which 
must be properly made for efficient operation. These have been securely 

fastened down during assembly and testing of the instrument, and it is 

not anticipated that they will be changed. 
transport, etc., a few components may require occasional realignment. 

However, due to vibration in 
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The laser power may be ad jus t ed  by r o t a t i n g  t h e  "AX" potent iometer  on 

t h e  laser power supply t o  o b t a i n  maximum l i g h t  ou tpu t .  

r e q u i r e  t h e  removal of t h e  shee t  metal t o p  cover .  

Other adjustments  

The most s e n s i t i v e  adjustment i n  t h e  o p t i c a l  system i s  t h e  beamsp l i t t e r  

mi r ro r  angular  alignment.  

thumbscrews loca ted  on the  beamsp l i t t e r  mounting block.  

made us ing  a spectrum analyzer  as a receiver and t h e  i n t e r n a l  test  mi r ro r  

M ( s e e  F igure  3) as t h e  r e f l e c t i n g  su r face .  F i r s t  t h e  t e s t  mir ror  i s  

r o t a t e d  i n t o  t h e  up r igh t  p o s i t i o n ;  i n  t h i s  p o s i t i o n  t h e  mir ror  block i s  

spring-loaded aga ins t  t h r e e  l o c a t i n g  p o i n t s  and should resist motion i n  
any d i r e c t i o n .  With t h e  laser, o s c i l l a t o r  B+, and phototube vo l t age  

turned on, t h e  25 MHz bea t  tone  produced by t h e  l i g h t  r e f l e c t e d  by t h e  

test mir ror  is  observed on t h e  spectrum ana lyze r .  

t h e  thumbscrews on the  beamsp l i t t e r  mounting f i x t u r e  is then  c a r r i e d  ou t  t o  

achieve  t h e  maximum p o s s i b l e  s i g n a l  a t  25 MHz. 

power achieved in  t h i s  way should be i n  t h e  range of -10 dBm t o  -20 dBm. 

This  adjustment should be c a r r i e d  ou t  wi th  t h e  instrument  wheels r e t r a c t e d ,  

s i n c e  v a r i a t i o n s  i n  stress i n  t h e  frame can a f f e c t  t h e  o p t i c a l  deck c a s t i n g  

and might otherwise produce a n  i n c o r r e c t  alignment.  

This  i s  set by movement of two knurled b r a s s  

The adjustment  i s  

4 

Carefu l  adjustment of 

The expected abso lu te  s i g n a l  

The w a t e r  i n  t h e  Bragg c e l l  is  sea l ed  by a phenol ic  and rubber  p re s su re  

I f  t h e  water i s  t o  be removed f o r  any reason,  t h e  cap on top  of the device .  

cap may be  l i f t e d  o f f  and t h e  r f  connector t o  t h e  o s c i l l a t o r  removed. 

ce l l  i s  removed from t h e  deck by removing two screws from each of t h e  

aluminum ba r s  which clamp t h e  ce l l  i n  p o s i t i o n  on t h e  steel  rods a t  t h e  base  

of t h e  device .  Care should be taken since t h e  c r y s t a l  qua r t z  t ransducer  i n  

t h e  end of t h e  tank i s  backed only by a i r  on t h e  o u t s i d e  and w i l l  n o t  

support  l a r g e  i n t e r n a l  p re s su res .  

t h e  tank.  

The 

Only d i s t i l l e d  w a t e r  should be used i n  

There are two a d d i t i o n a l  precaut ions  t o  be taken wi th  regard t o  t h e  

Bragg c e l l  and o s c i l l a t o r .  F i r s t ,  t h e  r f  power should never be appl ied  t o  

t h e  ce l l  when the tank  i s  empty o r  when air  bubbles are present  on t h e  

t ransducer  face .  Dry ope ra t ion  i s  l i k e l y  t o  s h a t t e r  t h e  c r y s t a l  and t h e  
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r e s u l t i n g  impedance mismatch may r e s u l t  in bziiiage t3 the  rf oscillator. 

Secondly,  t h e  o s c i l l a t o r  B+ should never 5e trJrned on when t h e  connection 

t o  t h e  Bragg c e l l  has  been removed, s i n c e  the  o s c i l l a t o r  should never 

o p e r a t e  i n t o  an impedance o ther  than 50 ohms. 

i n  t h e  o s c i l l a t o r  i s  s e n s i t i v e  t o  VSWR and can cause excess ive  c u r r e n t  t o  

be drawn i f  a s t rong  r e f l e c t e d  wave is p resen t .  

The ga in  c o n t r o l  c i r c u i t  

I n  t i m e  t h e  laser tube  w i l l  l o s e  power and r e q u i r e  replacement by the  

manufacturer.  

louvered s i d e  panels .  

mi r ro r  M 

1/4-20 Al len  head screws which a t t a c h  the  p la t form t o  t h e  s ix- inch stand- 

of f  rods .  

p la t form from below as t h e  screws a r e  loosened. The cab le s  t o  t h e  laser 

supply are disconnected by r o t a t i n g  t h e  connector s h e l l s  on t h e  back of 

t he  supply.  The c e n t r a l  shee t  metal  a i r  b a f f l e  must a l s o  be loosened i n  

o r d e r  t o  f r e e  the  cab le s  so  t h a t  the laser assembly can be separa ted  from 

t h e  instrument .  Removal of t h e  l a s e r  f o r  tube replacement gene ra l ly  r e q u i r e s  

readjustment of mir rors  M 

f o r  maximum d i f f r a c t e d  energy i n t o  t h e  l o c a l  o s c i l l a t o r  beam. The ad jus t -  

The laser i s  removed from t h e  system by unscrewing t h e  

The platform on which t h e  laser,  l e n s  L1, and 

are mounted is  then  removed by c a r e f u l l y  unscrewing t h e  t h r e e  1 

The laser assembly may be lowered and removed by support ing t h e  

and M2 a s  w e l l  as readjustment of t h e  Bragg c e l l  1 

ment of M i s  such t h a t  t h e  laser beam s t r i k e s  M near  t h e  c e n t e r  of t h e  

mi r ro r .  The adjustment of M which must be made very  accu ra t e ly ,  i s  made 
1 2 

2’ 
t o  p o s i t i o n  the  t ransmi t ted  beam a t  t h e  c o r r e c t  o f f -ax is  l o c a t i o n  on t h e  

o u t e r  s i d e  of l e n s  L2. 

removed. 

This  pos i t i on  should be noted before  t h e  laser is  

Location of t h e  spot  on L2 t o  w i t h i n  about 1 / 2  m i l l i m e t e r  i s  a l l  

t h a t  i s  requi red ,  bu t  t h e  long o p t i c a l  pa th  from M2 and L 

adjustment of M very c r i t i c a l .  After  a l l  t h e s e  adjustments  are made, t h e  

beamsp l i t t e r  must a l s o  be rea l igned  by t h e  procedure descr ibed  above. 

makes t h e  angular  2 

2 

The o p t i c a l  su r f aces  of a l l  components except  t h e  c a l c i t e  prism can 

be cleaned by c a r e f u l  swabbing with l e n s  t i s s u e  s a t u r a t e d  wi th  acetone.  

The coa t ing  on the  c a l c i t e  c r y s t a l  i s  extremely f r a g i l e  and should only be 

cleaned wi th  compressed a i r  o r  by very  l i g h t  brushing wi th  a s o f t ,  c l ean  

brush.  Spec ia l  dus t  covers a r e  provided f o r  both prisms; they should not  

r e q u i r e  c leaning  under ord inary  circumstances.  
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APPENDIX B 

Def in i t i on  of Symbols 

i ( t )  = ph~ teca thode  c u r r a t  with signal and local o s c i l l a t o r  beams 
i n c i d e n t .  

= photocathode c u r r e n t  wi th  only  t h e  l o c a l  o s c i l l a t o r  beam 
inc iden t .  

ILO 

= photocathode c u r r e n t  with only t h e  s i g n a l  beam i n c i d e n t .  

= angular  frequency of  t h e  system in te rmedia te  frequency s h i f t  

IS 
w = 21~f 

(radians/second) .  

= phase of t h e  s i g n a l  beam. 

= phase of t h e  l o c a l  o s c i l l a t o r  beam. 

= peak displacement of t he  v i b r a t i n g  su r face .  

= minimum measurable value of x . 
= laser wavelength (63282 i n  t h i s  case). 

4s 

@LO 

(Xo)min 0 

X 
0 

x 
w 

iac 

Jn(S) = Bessel func t ion  of 6 ,  f i r s t  k ind ,  n t h  o r d e r .  

I1 

= 2afv = angular  v i b r a t i o n  frequency (radians/second) .  
V 

= a l t e r n a t i n g  component of t h e  photocurren t .  

= photocurrent  amplitude a t  t h e  f i r s t  o rde r  sidebands.  

i = a l t e r n a t i n g  no i se  ( r . m . s . )  component i n  t h e  photocathode n 
c u r r e n t .  

e = e l e c t r o n i c  charge = 1.6 x 1 O - l ’  coulombs. 

B = c i r c u i t  bandwidth f o r  which in i s  def ined .  

Af = approximate t o t a l  s p e c t r a l  width of t h e  phase modulation produced 
by t h e  v i b r a t i n g  sur face .  

S /N = signal- to-noise  power r a t i o .  

A l l  equa t ions  are cons i s t en t  wi th  MKS u n i t s .  
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Peak-to-Peak Displacement = D 
= 0.5 inches  = 12.5 mm 
Frequency = F - 1 Hz 
Marker Spacing = MS = 0.25 MHz 

D = 1 . 5  mm 
F = 10 Hz 
MS = 0.25 MHz 

D = 0.4 mm 
F = 100 Hz 
MS = 0.25 MHz 

D = 5 x 
= 5 microns 

F = 1000 Hz 
MS = 0 .1  MHz 

D = 1.3 x 
= 1.3 microns 

F = 2000 Hz 
MS = 0.1 MHz 

Figure  1 2 .  Vibra t ion  ana lyze r  output s p e c t r a  f o r  v a r i o u s  v i b r a t i o n  ampli tudes 
and f r equenc ie s .  Frequency markers a r e  t o p  t r a c e s ;  ou tpu t  s i g n a l s  
are lower traces. 



( a )  Displacement = 2000 2 
Frequency = 10 kHz 

(b) Displacement = 225% 
Frequency = 26 kHz 

(c )  Displacement = 500% 
Frequency = 250 kHz 

(d) Displacement = 4002 
Frequency = 570 kHz 

Figure  13. Vib ra t ion  Analyzer output  s p e c t r a  f o r  s m a l l  d i sp lacements .  
Traces ( a )  and (b) were obta ined  wi th  a loudspeaker  vo ice  
c o i l  t o  move t h e  mir ror .  Traces ( c )  and (d)  were obta ined  
d i r e c t l y  from t h e  unpolished s u r f a c e  of a p i e z o e l e c t r i c  
ceramic t ransducer .  
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